We investigated the time periods of DNA replication, lateral cell wall extension, and septum formation within the cell cycle of Proteus mirabilis. Cells were cultivated under three different conditions, yielding interdivision times of approximptely 55, 57, and 160 min, respectively. Synchrony was achieved by sucrose density gradient centrifugation. The time periods were estimated by division inhibition studies with cephalexin, mecillinam, and nalidixic acid, In addition, DNA replication was measured by thymidine incorporation, and murein biosynthesis was measured by incorporation of N-acetylglucosamine into sodium dodecyl sulfate-insoluble murein sacculi. At interdivision times of 55 to 57 min murein biosynthesis for reproduction of a unit cell lasted longer than the interdivision time itself, whereas DNA replication finished within 40 min. Surprisingly, inhibition of DNA replication by nalidixic acid did not inhibit the subsequent cell division but rather the one after that. Elecause P. mirabilis fails to express several reactions of the recA-dependent SOS functions known from Escherichia coli, the drug allowed us to determine which DNA replication period actually governed which cell division. Taken together, the results indicate that at an interdivision time of 55 to 57 min, the biosynthetic cell cycle of P. mirabilis lasts approximately 120 min. To achieve the observed interdivision time, it is necessary that two subsequent biosynthetic cell cycles be tightly interlocked. The implications of these findings for the regulation of the cell cycle are discussed.
The biochemical events regulating and coordinating cell division in bacteria are the subject of extensive research. Among other reasons, a better understanding of these processes would enable us to design much more effective weapons against pathogenic bacteria. In the past, much progress has been made in elucidating the basic mechanisms of DNA replication in Escherichia coli. It is believed that DNA replication and its termination is an indispensible precondition for cell division and that the regulation of both events is tightly interlocked. Far less, however, is known about the regulation of cell wall biosynthesis during the interdiyision cycle.
On the other hand, it is well known that antibiotics of various chemical classes affect cell division, leading to morphological alterations of cells. For example, P-lactam antibiotics interfere in various ways with cell wall biosynthesis and are therefore suitable tools for the investigation of the specific time periods within the cell cycle longitudinal extension of the cell wall, septum formation, or which cover cell separation (for reviews, see references 4, 5, 11, and 18) .
In this report, we describe the determination of these time periods in synchronized cultures of Proteus mirabilis by division inhibition studies, as well as by pulse-labeling of DNA and murein. The results obtained allow us to formulate a new concept for the bacterial cell cycle.
(A preliminary report of this work has been presented [8] .)
MATERIALS AND METHODS Bacteria and growth conditions. P. mirabilis 19, obtained from H. H. Martin of this laboratory, was cultivated in aerated complex beef extract-tryptic-casein-peptone medium (7) on a rotary shaker at 140 rpm and 27°C. Alternatively, the minimal salts medium described by Grabow and Smit (9) containing in addition 0.1 g of NaHCO3 and 5 g of glucose per liter was used. In some experiments, the medium was * Corresponding author.
supplemented with NaCl to a final concentration of 0.2 M. In such minimal media, cells were grown at either 25 or 370C.
Synchronization of cells and cell count. Cells were synchronized by sucrose density gradient centrifugation and suspended in prewarmed medium, and samples were counted under the phase-contrast microscope by using a Thoma counting chamber as previously described (7) . Growth was also monitored by recording the optical density of the cultures at 578 nm.
Labeling of murein. Synchronized cells were suspended in 100 ml of complex medium containing 14.5 KCi of N-acetyl- the lower part of the gradient, showed a time lag of approximately 30 min before the resumption of growth and were obviously much more severely affected by the higher osmolarity of the sucrose gradient ( Fig. 1; 4) . Inhibition of septum formation and longitudinal growth in synchronized cells. The fast recovery of freshly divided cells from the environmental change of the synchronization procedure and the good synchrony of growth allowed us to determine the times within the interdivision cycle at which specific antibiotics interfere with cell division. We used two antibiotics with well-known effects: (i) cephalexin, which preferentially binds to penicillin-binding protein 3 (H. H. Martin, personal communication) and blocks cell division by preventing septum formation, and (ii) mecillinam, which binds to penicillin-binding protein 2 and interferes with murein sacculus elongation (17, 21) .
Samples of synchronized cultures were supplemented with appropriate concentrations of the drugs at various times, and the number of cells in the cultures was counted every 10 min to record cell division. Cephalexin inhibited the first cell division if applied up to 25 min after the resuspension of synchronized cells (Fig. 2) . However, the cells escaped division inhibition if cephalexin was applied at or later than 25 min after synchronization. Hence, we conclude that the cephalexin-sensitive reactions for septum synthesis occur during the first half of the interdivision cycle. Inspection of those cells, whose division was inhibited under the phase-contrast microscope, revealed that the cells grew out to filaments. Moreover, all filaments showed visible constriction in the center. This observation supports our above conclusion and may indicate that septum synthesis was already under way in "newborn cells" and was then If we now follow the assumption that sacculus elongation is an indispensible precondition for septum formation, we have to conclude that the pertinent sacculus elongation took place in the previous interdivision cycle. Therefore, we expect that an antibiotic affecting sacculus elongation does not prevent the first cell division after synchronization. This is exactly what we observed. Mecillinam applied at time zero did not inhibit cell division at 55 min but did inhibit the subsequent division at 110 min (Fig. 3) . Sutprisingly, if mecillinam was given at 20 min or later, even the second division was not inhibited.
Inhibition of DNA replication. Division inhibition was also recorded by inhibition of DNA replication with nalidixic acid. Nalidixic acid did not at all inhibit the first division after synchronization (Fig. 4) . However, the second division was inhibited if the drug was present up to 40 min aft6r synchronization. Thus, although DNA replication was under way during the first 40 min after synchronization (see below), interference by nalidixic acid during that time inhibited only the second division, which followed some 70 min later. An explanation is given below.
The same results of division inhibition were obtained for subsequent interdivision cycles when we applied the antibiotics in the second cycle after synchronization (data not shown). Murein biosynthesis in synchronized cells. Murein biosynthesis was measured by continuous incorporation of radioactive N-acetylglucosamine into sodium dodecyl sulfate-insoluble murein sacculi. Synchronized cells were suspended in medium containing radioactive N-acetylglucosamine. At intervals, samples of cells were removed, and the radioactivity in the murein sacculi was determined. At first inspection, the incorporation of label seemed to increase exponentially (Fig. 5) . However, when we take the linear increase of incorporation between 30 and 60 min as a reference, we see that the incorporation rate could also have increased stepwise by a factor of two approximately every 50 min (Fig. 5 ). This alternative possibility was confirmed by pulse-label experiments (see below). After 110 min, incorporation slowed down and finally stopped because of the exhaustion of N-acetylglucosamine in the medium.
Rate of DNA and murein biosynthesis in minimal medium. From the aforementioned experiments, we observed strong overlapping of events belonging to different cell cycles, i.e., the morphologically discernible cell separation that denotes the completion of one cell cycle and the antibiotic-sensitive reactions necessary for the next under these growth conditions. However, the points of time when the pertinent cell division was no longer affected by the antibiotics were found to be shifted by 5 to 10 mirm (Fig. 6) .
The results of pulse-labeling experiments are shown in Fig. 6 . From the rate of incorporation of thymidine into DNA, we see that DNA replication began right after cell division; the rate increase followed exactly the increase in cell number. That DNA was not synthesized continuously during the cell cycle is seen from the rate decrease at the end of the interdivision cycle, in accordance with the observed lack of division inhibition by nalidixip acid during that time.
However, the rate of N-acetylglucosamine incbrporation into sodium dodecyl sulfate-insoluble murein sacculi. showed a different pattern. The rate increased approximately every 60 min, starting at 20 min after synchronization. The larger increase at 20 min compared with the increase at 80 or 140 min can be explained by our observation that murein constituents were lost from the polymer during growth, as will be described elsewhere. Because released material is absent in fresh medium and is reused as soon as it is available after some time of growth, it will dilute the radioactive label in the medium.
Especially notable, however, is the coincidence of the time of rate increase in murein synthesis and the time when cells escape the division inhibition by mecillinam, on one hand, and the time cells escape division inhibition by cephalexin shortly afterwards, on the other hand. This observation indicates that the rate of murein synthesis during longitudinal growth and septum formation remains the same and does not increase with the onset of septum formation as proposed for E. coli (15, 19) . Taken 
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Division inhibition at slow growth. To try to rectify such overlapping of events, we repeated the experiments, but we grew P. mirabilis in minimal medium without the addition of NaCl at 25°C. The generation time increased to between 140 and 180 min. In addition, synchrony was impaired, and approximately 60 min elapsed between the onset and completion of cell separation in the population (Fig. 7 to 9) . Therefore, the time of sensitivity to antibiotic action was not so well defined as under the conditions described above.
Cephalexin inhibited cell division completely if applied up to 70 min after the suspension of synchronized cells and allowed division of all cells in the culture if applied later than 110 min (Fig. 7) . Mecillinam, on the other hand, prevented the second division in all cells if applied at 80 min; if it was applied at 100 or 120 min, a portion of the cells could escape inhibition of the second division, and if it was applied at 140 min or later, the second division at approximately 300 min was no longer affected (Fig. 8) . Thus, the mecillinamsensitive reaction necessary for the second division did occur at the end of the preceding interdivision cycle, subsequent to the completion of the septum. Finally, nalidixic acid still affected the first cell division if present up to 60 min (Fig.  9) , in contrast to the results obtained at higher growth rates. Therefore, DNA replication as a precondition for the first division after synchronization was proceeding at the beginning of the same cell cycle. The time period of DNA replication was confirmed by the measurement of thymidine incorporation.
Rate of DNA biosynthesis at slow growth. Synchronized cells growing in minimal medium at 25°C were pulse-labeled with radioactive thymidine for 12 min (Fig. 10) cell cycle ended well before cell separation and that the next period commenced synchronously with the increase in cell number, i.e., at approximately the beginning of the interdivision cycle. DISCUSSION Time periods of murein biosynthesis during the interdivision cycle. The data clearly indicate that septal murein was synthesized during the first half of the morphologically discernible cell cycle of P. mirabilis at an interdivision time of 55 to 57 min. Confirmation for this observation came from division inhibition experiments with mecillinam which could not prevent the first division after synchronization. Obviously, our newborn cells had already finished the longitudinal extension of the sacculus necessary for the first division after synchronization.
Regarding the second division after synchronization at approximately 110 to 114 min, the necessary mecillinamsensitive reaction was found to occur before 20 to 30 min after synchronization. This finding agreed with data obtained with E. coli by James et al. (16) showing that the drug inhibited a very early event of the cell cycle.
By measuring the rate of murein biosynthesis directly by pulse-labeling, we observed a rate increase synchronous with the mecillinam-sensitive initiation of murein sacculus elongation. Thus, mecillinam allowed us to determine the time of initiation of sacculus elongation, i.e., the start of a new period of murein biosynthesis within the interdivision cycle. However, perturbation of murein sacculus elongation in progress by mecillinam did not seem to affect division, despite the fact that mecillinam treatment yields altered murein in E. coli (6) as well as in P. mirabilis (E. Sarnow and J. Gmeiner, manuscript in preparation). In this regard, it is interesting to note that synchronized cells of P. mirabilis, cultivated in the presence of mecillinam in complex medium, regained division capability after about 180 min, although synchrony was lost (data not shown). At that time, cells were round and enlarged, as is generally observed in batch cultures supplemented with mecillinam (12, 21) . Hence, it is obvious that cells can adapt to grow and multiply without synthesis of the cylindrical cell wall, as described also for a pH-dependent, morphologically conditional mutant of Klebsiella pneumoniae (20) .
DNA replication and cell division inhibition. The time period of DNA replication within the interdivision cycle was determined by the rate of thymidine incorporation into replicating DNA. Replication commenced at the beginning of the interdivision cycle, coincident with the increase of cell number as determined by two widely different growth rates. Termination of DNA replication, on the other hand, was indicated by the time in which cells escaped division inhibition by nalidixic acid. However, when the drug was applied during the replication period, it inhibited different divisions. At an interdivision time of approximately 180 min, the subsequent division was inhibited, whereas at an interdivision time of 55 to 57 min, the division after the subsequent one (i.e., at 110 min) was inhibited. The latter result was rather unexpected, because nalidixic acid was shown to inhibit subsequent division in E. coli (2, 10, 16) . However, quite recently, Burton and Holland showed that two different pathways exist for division inhibition by agents which affect DNA, such as nalidixic acid in E. coli (2) . One pathway is dependent on the sfi genes involved in the SOS response which causes immediate division inhibition upon DNA damage or block of synthesis. The other pathway, independent of the sfi functions, appears to operate only when termination of DNA replication is inhibited as the indispensible precondition for cell division (11) . Thus, it seems that P. mirabilis behaves as do sfi-strains of E. coli. Indeed, the work of Hofemeister and co-workers (12) (13) (14) provides numerous indications that P. mirabilis fails to express several reactions of the recA-dependent SOS functions known from E. coli. Furthermore, P. mirabilis is very sensitive to low concentrations of nalidixic acid and the new quinoline carboxylic acids, responding eventually with lysis rather than with filamentous growth (K. Milde, unpublished data).
Thus, because of this fortunate feature of P. mirabilis, the division inhibition studies with nalidixic acid allowed us to determine which DNA replication period actually governed which cell division.
Relation between interdivision cycle and biosynthetic cell cycle. From the results discussed so far, it became evident that the biosynthetic cell cycle comprising synthesis of DNA and murein and eventually culminating in cell division can be much longer than, and does not have to be in phase with, the interdivision cycle. Our results show that the biosynthetic cell cycle lasts about twice as long as the interdivision time of 55 to 57 min. Obviously, two biosynthetic cell cycles are tightly interlocked to make the interdivision cycle possible. The sequence of events is schematically outlined in Fig. 11 . At time zero, the beginning of the first interdivision cycle, (11) . Therefore, at such of replication, as they probably do in high growth rates, the biosynthetic cell cycle will still last 16). In other words, the initiation of more than 40 min, and an interdivision time of 20 min is :h is not strictly dependent on a certain achieved only by interlocking three or four such biosynthetic flication. It seems more likely that this cell cycles. I by the metabolic status of the cell.
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